The calcium-sensing receptor (CaR) is the major sensor and regulator of extracellular Ca 2+
The calcium-sensing receptor (CaR) is the major sensor and regulator of extracellular Ca 2+ , whose activity is allosterically regulated by amino acids and pH. Recently, CaR has been identified in the stomach and intestinal tract, where it has been proposed to function in a non-Ca 2+ homeostatic capacity. Luminal nutrients, such as Ca 2+ and amino acids, have been recognized for decades as potent stimulants for gastrin and acid secretion, although the molecular basis for their recognition remains unknown. The expression of CaR on gastrin-secreting G cells in the stomach and their shared activation by Ca 2+ , amino acids, and elevated pH suggest that CaR may function as the elusive physiologic sensor regulating gastrin and acid secretion. The genetic and pharmacologic studies presented here comparing CaR-null mice and wild-type littermates support this hypothesis. Gavage of Ca 2+ , peptone, phenylalanine, Hepes buffer (pH 7.4), and CaR-specific calcimimetic, cinacalcet, stimulated gastrin and acid secretion, whereas the calcilytic, NPS 2143, inhibited secretion only in the wild-type mouse. Consistent with known growth and developmental functions of CaR, G-cell number was progressively reduced between 30 and 90 d of age by more than 65% in CaR-null mice. These studies of nutrientregulated G-cell gastrin secretion and growth provide definitive evidence that CaR functions as a physiologically relevant multimodal sensor. Medicinals targeting diseases of Ca 2+ homeostasis should be reviewed for effects outside traditional Ca 2+ -regulating tissues in view of the broader distribution and function of CaR.
chemosensation | multimodal sensor | peptide hormone | calcilytic | calcimimetic M eal-related nutrients are potent stimulants of gastrointestinal hormones, whose coordinated release initiates and regulates digestion, absorption, and metabolism through their actions on digestive enzyme release, hormone secretion, and GI motility. These nutrients are sensed by enteroendocrine cells scattered along the mucosal epithelium lining the GI tract and by mucosal neurons within the enteric nervous system. The molecular basis for the GI recognition of luminal nutrients other than glucose remains elusive, including in the stomach, where peptone and amino acids have long been recognized as potent stimulants of gastric acid (1, 2) .
Gastrin, a 17-aa carboxy-amidated peptide produced by G cells located at the base of gastric antral glands, acts in the endocrine stimulation of gastric body enterochromaffin-like (ECL) cell histamine release, with subsequent paracrine stimulation of parietal cell acid secretion. Gastric G cells are exposed to the lumen and potentially sense luminal contents. In fact, luminal vs. i.v. amino acids are more potent stimulants for gastrin secretion (3) .
Pepsin, activated by gastric acid, digests nutrient protein into hydrophobic peptides and free aromatic amino acids, which are the major stimulants of gastrin secretion (2) . Meal neutralization of gastric pH (4) and intraluminal Ca 2+ each potently release gastrin (5).
The sensing of extracellular Ca 2+ and the regulation of Ca 2+ homestasis has been largely attributed to the calcium-sensing receptor (CaR), a member of the C family of G protein-coupled receptors (GPCR). Consistent with this function, CaR is expressed on extracellular Ca 2+ -regulating cells such as parathyroid, thyroid parafollicular, renal tubular, and bone cells (6) .
The CaR has a large NH 2 terminal extracellular domain (ECD) composed of multiple binding sites for positively charged multivalent cations. Similar to other C class GPCRs that bind amino acids, CaR ECD has a homologous amino acid binding Venous Fly Trap domain with preference for aromatic amino acids. The seven transmembrane domains of CaR can bind phenylalkamines, which, similar to amino acids interacting with the ECD, are capable of allosterically regulating receptor activation in the presence of ionized Ca 2+ (7) . Thus, it is not surprising that the CaR has subsequently been recognized as a multimodal sensor of multivalent cations, polyamines, L-amino acids, and pH in addition to Ca 2+ and Mg 2+ (7) . In addition to classical Ca 2+ -regulating tissues, CaR is expressed in many other tissues, including those within the GI tract (7); it has been proposed to regulate a diverse set of noncalcium homeostatic functions such as acid regulation by gastric G (8) and parietal (9) cells, GI epithelial cell mucus secretion and proliferation, motility by enteric nerve plexuses, and colonocyte fluid transport and differentiation (10) .
The presence of CaR on antral G cells and the common sensitivity of both CaR and G-cell gastrin secretion to amino acids, pH, and Ca 2+ raise the possibility that the gastric phase of meal-stimulated gastrin is regulated by CaR in addition to its direct activation by intraluminal Ca 2+ (10) . Although there have been several in vitro-based studies in either a variety of heterologously transfected cell systems (11) (12) (13) or acutely isolated primary cell cultures (14) that support the role of CaR as a multimodal sensor regulating both Ca 2+ and non-Ca 2+ homeostatic cell systems, there has not been any in vivo physiologic evidence confirming this proposed role.
We report a genetic and pharmacologic study using CaR-null mice and CaR-specific calcimimetic, cinacalcet, and calcilytic NPS 2143, to assess the role of CaR in nutrient chemosensation and regulation of gastrin and acid secretion. We show that CaR on gastric antral G cells acts as the physiologic multimodal sensor that regulates both gastrin secretion in response to a variety of luminal nutrients and maintenance of G-cell number.
Results and Discussion
Mouse Antral G Cells Express Cell Surface CaR. Although human antral G cells express functional CaR (8) , CaR expression in rodent antral G cells has only been inferred. Therefore, CaR wild type (WT) and null littermates were examined for CaR expression by immunofluorescence to an extracellular domain epitope of CaR common to mouse and human (15) . CaR was detected at the base of the antral glands in the distribution and frequency expected for G cells (Fig. 1, green) . The cell surface pattern of immunofluorescence was consistent with the expected membranous distribution of cell surface receptors. The presence of the receptor at both the apical and basolateral cell surfaces agrees with previous reports (16) and supports the potential for sensing ligands from both the gastric lumen as well as the serum. The G-cell specificity for CaR immunofluorescence was confirmed by specific colocalized gastrin immunofluorescence and the lack of CaR immunofluorescence in CaR-null littermates and in the absence of primary antibody (Fig. 1) .
Deletion of CaR in the Stomach Does Not Alter Oxyntic Gland
Histology. CaRs are expressed in rat and human gastric glands on parietal cells, where they regulate acid secretion (17, 18) . CaRs have also been identified in both rat and human gastric mucus epithelial cells and rat chief cells in primary culture, and this suggests that CaR may regulate mucus and pepsinogen secretion. CaR has been increasingly recognized for mediating proliferation, differentiation, and survival in a variety of tissues, including the GI tract (10) . In addition, gastrin is a growth factor for ECL and parietal cells of the oxyntic gland (19) . Despite the absence of CaR and lower gastrin secretion in CaR-null mice ( Fig. 2) , H&E staining of oxyntic mucosa (Fig. S1 Upper) showed no significant changes in gland length, architecture, or distribution of cell types. Parietal cell mass was also unchanged (Fig. S1 Lower), despite parietal cell CaR expression (17, 18) and gastrin growth dependence (19) .
Low Basal Gastrin and Absent Gastrin Response to Luminal Nutrients
in CaR Gene-Deleted Mice. The basal plasma gastrin levels in CaRnull mice were lower than their CaR WT or heterozygous littermates ( Fig. 2A) . Although the trend was lower, CaR heterozygous mice were not significantly different from CaR WT littermates. The low basal gastrin exhibited by CaR-null mice is impressive considering that it occurs in the setting of an elevated gastric pH (Fig. S4B ), a major stimulus for gastrin secretion.
In humans, oral Ca 2+ causes a marked secretion of gastrin (20) . This can be counterproductive for Ca 2+ carbonate antacids, such as Tums, where the weak buffer is compromised by Ca 2+ -induced gastrin release and subsequent acid secretion (20) . Similar to humans, gavage of 100 mM Ca 2+ gluconate caused an increase in plasma gastrin in both CaR WT and heterozygous mice (Fig. 2B ). However, there was no significant response to Ca 2+ in CaR-null mice. Consistent with studies in patients with hypocalciuric hypercalcemia caused by heterozygous mutations nostaining of CaR-null gastric antrum in the absence of primary antibody for gastrin; 5-μm sections of formalin fixed paraffin embedded gastric antrum from fasted mice were double immunostained for gastrin and CaR using monoclonal anti-human CaR and rabbit polyclonal anti-human gastrin. CaR and gastrin expression were detected with highly absorbed goat anti-mouse Alexa 488 and goat anti-rabbit Alexa 594 secondary antibodies, respectively. Immunofluoresence of representative images chosen from multiple sections was obtained using a Zeiss LSM510 confocal microscope. in CaR (21), there was only a trend to a diminished response in heterozygous littermates. This CaR-dependent gastrin response to Ca 2+ forms the basis for the diagnostic Ca 2+ stimulation test in patients with Zollinger-Ellison (ZES) syndrome, whose gastrinomas express CaR, and this also explains the observed exacerbation of acid hypersecretion in multiple endocrine neoplasia type 1 patients with hyperparathyroidism and ZES (15) . Because acid promotes Ca 2+ absorption, the CaR-expressing G cell behaves like a Ca 2+ regulatory cell, as evidenced by the fact that gastrin receptor null mice become hypocalcemic (22) .
Although protein has long been recognized as the most potent meal-related stimulant of gastrin secretion (3), the basis for its molecular recognition remains unknown. Studies in isolated parathyroid cells show that CaR can be allosterically activated by most L-amino acids in the presence of extracellular Ca 2+ (14) . Mice were gavaged with peptone to assess the role of CaR in protein-stimulated gastrin secretion. Unlike CaR WT and heterozygous littermates, there was no increase in plasma gastrin in CaR-null mice (Fig. 2C) . Although CaR WT and heterozygous littermates were not significantly different, the heterozygote response trended lower. These results in mice are consistent with the reduced gastrin response to oral Ca 2+ and peptone observed in patients with hypocalciuric hypercalcemia harboring heterozygous mutations in CaR (21) .
Early physiologic studies have shown that aromatic amino acids are the most potent amino acids stimulating gastrin release (2) . CaR, similar to other class 3 family GPCRs that bind amino acids such as the metabotropic glutamate (mGluR 1 ) (23) and heterodimeric GABA B R (24) receptors, shares a functional Nterminal Venus Fly Trap domain. Unlike the mGluR 1 and GABA B R but similar to the taste receptor type 1 members 1 and 3 amino acid sensing taste receptor heterodimer (25) and the less well-characterized nutrient-sensing receptor, GPRC6A (26), CaR recognizes a broad array of L-amino acids interacting within the Venus Fly Trap domain (27) . However, CaR has a preference for aromatic amino acids, such as Phe and Trp, in vitro in transfected HEK293 cells (11) and acutely isolated human parathyroid cells (14) . Consistent with these studies, L-Phe, gavaged at a concentration expected during a meal, elicited a gastrin response that could account for most of the stimulus observed with peptone in WT and heterozygous littermates. Similar to peptone, L-Phe did not stimulate gastrin secretion in CaR-null mice (Fig. 2 C and D) . These results provide a molecular basis for protein meal stimulation of gastrin and by logical extension, may account for amino acid stimulation of other CaR-expressing cells, such as acid-secreting parietal cells (17) , cholecystokinin-secreting enteroendocrine I cells (28) , and insulin-secreting β cells (29) .
Acid is a well-established inhibitor of gastrin secretion thought to act directly on the G cell (30) and indirectly through the paracrine inhibitory peptide, somatostatin (Sst), from antral D cells (31) . Similarly, neutralization of gastric acid is a potent stimulus of gastrin secretion, partly because of a decrease in Sst secretion (31) . However, Sst receptor subtype 2 null mice have basal and meal-stimulated gastrin and gastric acid levels similar to WT mice, and therefore, this suggests that other factors may compensate in the absence of Sst (32) . In fact, recent studies with isolated rat G cells show decreased gastrin release after a drop in pH from 7.4 to 5.5 (30) . Furthermore, the CaR response to Ca 2+ is significantly enhanced with increasing pH (12) within the range of pH 5.5-9 in transfected HEK293 cells (12) and above pH 7.5 in Xenopus oocytes (33) . Therefore, to determine whether the Gcell CaR could sense increasing gastric luminal pH, the acidic gastric mucosa of fasting mice was neutralized with Hepes buffer (pH 7). Plasma gastrin increased in CaR WT and heterozygous littermates, whereas there was no response in CaR-null mice (Fig. 2E) . This pH-dependent gastrin response is probably not the result of putative antral D cell CaR, because elevated pH and deletion of CaR would result in changes in gastrin secretion opposite of what is observed experimentally. Thus, gastrin secretion in response to elevated intraluminal pH is not a passive release of G-cell inhibition from declining Sst but rather, an active process of CaR activation. Other examples of the pH dependence of CaR activation in the regulation of urinary excretion of Ca 2+ and water, bone metabolism by acid-secreting osteoclasts, and parathyroid hormone secretion (12, 34) support a similar pH-sensing role for CaR.
Recent studies of isolated rat antral G cells did not consider CaR as a direct chemosensory regulator of G-cell secretion but did suggest that amino acids Phe and Trp may be sensed by the T1R family of receptors (30) . Using T1R2/3 compound homozygous null mice that are insensitive to amino acid taste reception (35) , there was no significant difference in gastrin secretion to peptone gavage compared with WT littermates (Fig. S2) . These results indicate that the T1R family is not important for G-cell sensing of protein and amino acids and are consistent with the observed full loss of the gastrin response observed in CaRnull mice.
Deletion of CaR Does Not Significantly Alter the Gastrin Secretory
Response to Bombesin. Gastric enteric neurons projecting to the antral mucosa secrete the neuropeptide GRP after stimulation by either vagal preganglionic efferent neurons (36) or intraluminal nutrients such as peptone (37) . GRP acts directly on antral G-cell BB 1 receptors to stimulate gastrin secretion (30) . The low basal secretion of gastrin along with the loss of G-cell responsiveness to diverse agonists such as peptone, Phe, alkaline pH, and Ca 2+ in CaR-null mice raised the possibility that CaR plays a permissive role in G-cell responsiveness in addition to being a multimodal sensor directly interacting with a variety of ligands (38) . This is unlikely, because bombesin caused a significant increase in plasma gastrin levels independent of CaR (Fig.  S3A) . The trend to a diminished response to bombesin in CaRnull mice compared with WT littermates was not significant when normalized for basal gastrin secretion (Fig. S3B) . Therefore, the ability of CaR-null G cells to respond to a non-CaR ligand such as bombesin indicates that the deletion of CaR does not globally disable G-cell responsiveness.
Specific Activation and Inhibition of Gastric CaRs. Divalent cations could have a diverse effect on the plasma membrane, resulting in the physiologic stimulation of gastrin secretion by Ca 2+ independent of CaR (39) . Therefore, CaR function was evaluated with the CaR-specific allosteric agonist and antagonist, cinacalcet (40) , and NPS 2143 (41) . Gavage of cinacalcet in CaR WT mice stimulated plasma gastrin nearly 300% compared with vehicle (Fig. 3A) . NPS 2143, at a dose that stimulated PTH secretion, completely inhibited peptone-stimulated gastrin secretion (Fig. 3B) . These results, along with the loss of response to peptone and Ca 2+ in CaR-null mice, indicate that their secretory effect is CaR-mediated. Consistent with these results in mice, cinacalcet stimulated serum gastrin and gastric acid secretion in normal human volunteers (42) . This acid stimulatory effect of cinacalcet acting on both the G (42) and parietal cell (18) may warrant acid suppressive therapy to prevent cinacalcet intolerance caused by hyperacidity in vulnerable hemodialysis patients on long-term therapy for secondary hyperparathyroidism (43) . The inhibition of gastrin secretion by NPS 2143 suggests that clinical trials of calcilytics for the treatment of osteoporosis should monitor potential deleterious inhibition of CaR on nonclassical Ca 2+ regulatory tissues (9, 27, 28) .
CaR Expression and Not Total Plasma Ca
2+ Determine Basal and MealStimulated Gastrin. As previously described (44), PTH gene deletion results in a marked reduction in total plasma Ca 2+ , regardless of CaR genotype (Table S1 ). In the absence of both CaR and PTH genes, this reduced set point for plasma Ca 2+ is still tightly regulated and remains unchanged on a high Ca 2+ and vitamin D diet (Table S1 ). Despite the marked reduction in total plasma Ca 2+ in PTH null mice compared with WT (2.35 vs. 1.71 mmol/L), both basal and meal-stimulated gastrin remain unchanged (Table S1 ). Only the expression of CaR, not total plasma Ca 2+ or chronic dietary Ca 2+ and vitamin D, affects both basal and meal-stimulated gastrin (Table S1 ). Therefore, low basal gastrin and loss of meal-stimulated gastrin can be attributed specifically to the loss of CaR expression and not to reduced ambient Ca 2+ concentration or another unknown effect of PTH gene deletion.
G-Cell CaRs Are the Predominant Chemosensors Mediating Gastrin
Secretion. Although G-cell CaR expression and CaR-dependent response to extracellular Ca 2+ (8, 16 ) suggest a direct chemosensory role, they do not preclude a role for neuronal CaR indirectly regulating the G cell. In fact, the rat gastric submucosal and myenteric neurons express CaR (9) . GRP neuropetidesecreting intramural neurons project to the antral mucosa and stimulate gastrin secretion through G-cell GRPR-1 [bombesin subtype 1 receptor (BB1R)] receptors (45, 46) . Pharmacologic studies using the BB1R subtype selective antagonist, [Leu 13 -ψ(CH 2 NH)−Leu 14 ] bombesin, indicate that gastric GRP neurons in rat antral mucosal segments and isolated whole rat stomach (37, 47) mediate peptone-stimulated gastrin release.
However, recent human studies with the potent BB1R selective antagonist, BIM 26226, indicate that GRP acts only at pharmacologic doses to regulate gastrin and has no physiologic affect during a meal (48) . Although our data (Fig. S3) and data of others support a pharmacologic role for GRP stimulation of BB1R on antral G cells, the physiologic role of GRP neurons in peptone-stimulated gastrin secretion is still in question. However, i.v. infusion of BIM 26226 ([D-F5 Phe6, D-Ala11] bombesin (6-13) OMe) just before peptone gavage did not inhibit gastrin secretion (Fig. 4) . This suggests that gastrin secretion is not physiologically regulated by CaR-expressing GRP neurons and is consistent with the findings in humans (47) .
Deletion of CaR in the Stomach Does Not Alter Acid Secretory
Capacity. To assess functional changes in the oxyntic mucosa in the absence of CaR, acid secretion was measured. In the basal fasting state, there was a marked (75%) reduction in acid secretion (Fig. S4A ) and elevation in gastric pH (Fig. S4B ) only in CaR-null mice. These results are consistent with earlier results in which only CaR-null mice exhibited lower basal gastrin secretion Fig. 3 . CaR-specific agonist and antagonist stimulate and inhibit gastrin secretion, respectively, in CaR WT mice. (A) Gastrin stimulation by CaRspecific agonist, cinacalcet (100 mg/kg by gavage. **P < 0.01 vs. vehicle (n = 9 mice). (B) Inhibition of gavaged peptone-stimulated gastrin by the CaR-specific antagonist, NP-S2143 (1 mg/kg, i.v., 30 min before gavage) at a dose shown to significantly stimulate PTH secretion compared with vehicle. *P < 0.05 vs. vehicle (n = 9 mice). Results are expressed as the percent change (mean ± SEM) in secretion relative to basal. Fig. 4 . Inhibition of GRP has no significant effect on peptone-stimulated gastrin secretion. WT (C57BL/6) mice were fasted overnight, i.v. administered with either BIM 26226 or saline control, and immediately gavaged with peptone. Plasma gastrin was measured by RIA just before (open bars) and 30 min after (closed bars) peptone gavage. *P < 0.05, pre-vs. postgavage (ns, peptone plus saline vs. peptone plus BIM 26226; n = 6 and 10 mice for saline and BIM 26226, respectively). ns, nonsignificant. ( Fig. 2) . Although there was a trend to lower acid secretion in CaR-null mice, response to either gastrin or histamine was not significantly affected (Fig. S4C) . These results suggest that low basal gastrin in CaR-null mice is sufficient to maintain adequate growth and development of the oxyntic mucosa.
CaR Is Necessary to Maintain Normal G-Cell Number and Gastrin Content. Although the G cell expresses CaR (Fig. 1 ) and the gastrin response to Ca 2+ , peptone, Phe, and pH requires CaR (Fig. 2) , these data do not explain the low basal plasma gastrin in CaR-null mice (Fig. 2) . To address this issue, H&E and gastrin immunofluorescence staining of the gastric antrum were performed. CaR-null mice antra were morphologically indistinguishable from the WT and heterozygous littermates. However, the number of G cells was reduced from an average of 3 cells per antral gland in WT, CaR WT, and heterozygous mice to 1 cell per gland in CaR-null mice (Fig. 5 A and B) . This reduction in Gcell number was supported by a similar reduction in total gastric gastrin content (Fig. 5C) . Therefore, the observed reduction in G-cell number is the most likely explanation for the reduced basal gastrin secretion. To determine whether the decrease in Gcell number in 60-d-old mice was a result of reduced development vs. progressive age-related loss, antral sections were immunostained for gastrin at postnatal days 2, 10, 30, 60, and 90. After 30 d of age, there was a progressive loss in G-cell number in CaR-null mice and no noticeable loss in CaR WT mice (Fig.  6) . With G-cell number being normal up to 30 d of age, CaRmediated differentiation is unlikely to account for progressive G-cell loss. However, there are ample data supporting a CaRmediated proliferative effect in transfected HEK-293 cells (49) , ovarian epithelial cells, and prostate and breast cancer cell lines, which is ERK1/2-mediated through a PLC/PKC-dependent pathway (50, 51) that may also play a role in the maintenance of G-cell number.
The insensitivity of G-cell response to luminal nutrients and pH in the absence of CaR expression indicates that CaR plays a dominant role in the regulation of the gastric phase of acid secretion and therefore, warrants consideration along with accepted G-cell receptors for regulatory neurocrine and paracrine factors such as GRP and somatostatin. These findings and the dependence of G-cell number on CaR functional expression suggest that the calcilytics and calcimimetics acting on CaR should be evaluated for effects on gastric acid secretion.
Materials and Methods
Origin, Breeding, and Genotyping of Genetically Engineered Mice. CaR and PTH double null mice. As previously described (52), CaR-null mice die shortly after birth because of hyperparathyroidism, necessitating the use of CaR-null mice with compensatory deletion of the PTH gene (44 Gastrin Secretion Studies. All secretion studies were performed in 8-to 10-wkold littermates.
Luminal Studies. Gastrin response to calcium, protein, phenylalanine, and pH. Overnight fasted mice were gavaged with a bolus (1.5% of body weight) of 100 mM Ca 2+ gluconate (Sigma-Aldrich), 8% peptone (Becton Dinkinson Co.), 100 mM L-phenylalanine (Sigma-Aldrich), or 150 mM (pH 7.0) Hepes buffer (Mediatech). Retro-orbital sinus blood was sampled before and 20-30 min after gavage at the previously determined peak gastrin response for each agent.
Gastrin response to the specific CaR agonist, cinacalcet. CaR +/+ PTH −/− mice were gavaged with either the CaR-specific agonist cinacalcet (HPLC purified from pharmaceutical tablets by C.J.T.; 100 mg/kg dissolved in 20% 2-hydroxypropyl-β-cyclodextrin as vehicle, 1.5% body weight) or with vehicle alone. Affect of a high Ca 2+ diet. Mice were fed either a normal rodent chow and water diet or a high-Ca 2+ diet for 1 mo. After mice were fasted overnight and fed with rat chow ad libitum, blood was sampled from the retro-orbital sinus before and 30 min after feeding for determination of total plasma Ca 2+ and gastrin.
Parenteral Studies. Affect of the CaR-specific antagonist, NPS 2143, on peptonestimulated gastrin. Overnight fasted mice were i.v. injected with either the CaR-specific antagonist NPS2143 (synthesized by J-J.K. and C.J.T.) (1 mg/kg dissolved in vehicle, 20% 2-hydroxypropyl-β-cyclodextrin; Sigma-Aldrich) as a 100-μL bolus or vehicle into the tail vein. Thirty minutes postinjection, mice were gavaged with a bolus (1.5% body weight) of 8% peptone. Affect of the BB1R-specific antagonist, BIM 26226, on peptone-stimulated gastrin. WT C57BL/6 mice were injected with either the BB1R-specific antagonist, BIM 26226 (500 μg/kg), dissolved in 100 μL saline or saline alone into the tail vein. Thirty minutes postinjection, mice were gavaged with a 1.5% body weight bolus of 8% peptone. 
PHYSIOLOGY
Total Plasma Calcium Levels. Total plasma Ca 2+ was determined using a SYNCHRON LX20 in ad libitum-fed mice on the specified diet.
Determination of Gastric Tissue and Plasma Gastrin. The stomachs from overnight-fasted and anesthetized mice were collected, and whole-stomach gastrin was extracted as previously described (54) . The plasma (20 μL) and stomach-extracted gastrins were measured by radioimmunoassay (EuroDiagnostic AB).
Immunocytochemistry. SI Materials and Methods has information on immunocytochemistry.
Statistical Analysis. Paired Student t test was used to evaluate the differences between baseline and stimulated values. One-and two-way ANOVA was applied to analyze the differences between genotypes in response to single and multiple conditions, respectively. Statistical analysis was performed using GraphPad Prism version 3.
